1. Introduction
===============

Metal phthalocyanines (MePc) represent a well-known class of organic semiconductors with good thermal and chemical stability. They are used in a number of applications in organic electronics, including field-effect transistors \[[@B1-molecules-19-02969],[@B2-molecules-19-02969]\], light emitting devices \[[@B3-molecules-19-02969],[@B4-molecules-19-02969],[@B5-molecules-19-02969]\], gas sensors \[[@B6-molecules-19-02969],[@B7-molecules-19-02969]\], photovoltaic cells \[[@B8-molecules-19-02969],[@B9-molecules-19-02969]\], and even spintronics \[[@B10-molecules-19-02969],[@B11-molecules-19-02969],[@B12-molecules-19-02969],[@B13-molecules-19-02969],[@B14-molecules-19-02969],[@B15-molecules-19-02969],[@B16-molecules-19-02969]\]. The electronic/magnetic properties of MePcs can be efficiently tuned by varying the central metal atoms, thus, controlling their interaction with metal electrodes \[[@B17-molecules-19-02969],[@B18-molecules-19-02969],[@B19-molecules-19-02969],[@B20-molecules-19-02969]\]. The latter is impacted by several effects, e.g., the formation of interface states, Pauli pushback \[[@B21-molecules-19-02969],[@B22-molecules-19-02969],[@B23-molecules-19-02969]\] and orbital hybridization. Despite intensive experimental and theoretical efforts, a complete and comprehensive picture of the involved molecule-substrate interactions has not yet been achieved. Thus, to better understand and precisely predict the interfacial properties of the MePc/metal systems, quantum mechanical calculations based on density functional theory (DFT) have been widely employed for MePc systems \[[@B17-molecules-19-02969],[@B18-molecules-19-02969],[@B24-molecules-19-02969],[@B25-molecules-19-02969],[@B26-molecules-19-02969],[@B27-molecules-19-02969],[@B28-molecules-19-02969],[@B29-molecules-19-02969]\].

A particular challenge when calculating the structure of such MePc/metal interfaces is that conventional DFT methods (using exchange-correlation functionals in the generalized gradient approximation (GGA) or hybrid functionals additionally including a fraction of Fock exchange) do not properly capture long-range van der Waals (vdW) interactions \[[@B30-molecules-19-02969],[@B31-molecules-19-02969]\]. These are, however, absolutely crucial for describing bonding in weakly interacting systems and can dominate metal-molecule interactions even for interfaces at which massive charge rearrangements between substrate and adsorbate occur. For example, for the seminal Ag(111)-PTCDA interface there would be no bonding in the absence of vdW interactions, in spite of a significant charging of the former lowest unoccupied state (LUMO) of PTCDA \[[@B32-molecules-19-02969],[@B33-molecules-19-02969],[@B34-molecules-19-02969]\]. At the same time, a reliable description of the geometrical structure of the interface in atomistic simulations is essential for correctly describing all other interface properties, especially the electronic characteristics \[[@B32-molecules-19-02969]\]. Correctly describing vdW interactions in the simulations is, thus, absolutely crucial when attempting to gain detailed insight into interface properties. Consequently, a number of methods to account for vdW interactions in conjunction with DFT have been developed during the past few years \[[@B30-molecules-19-02969],[@B35-molecules-19-02969],[@B36-molecules-19-02969],[@B37-molecules-19-02969],[@B38-molecules-19-02969],[@B39-molecules-19-02969],[@B40-molecules-19-02969],[@B41-molecules-19-02969],[@B42-molecules-19-02969]\]. For describing metal-organic interfaces, a particularly promising approach is the PBE+vdW^surf^ method \[[@B43-molecules-19-02969]\], as it accounts for the impact of the metallic polarizability on the vdW interactions, is computationally cheap, and has been shown to reliably describe also complex, multi-component interfaces \[[@B44-molecules-19-02969]\].

In the present contribution, prototypical MePc/metal systems, namely copper and zinc phthalocyanine (CuPc and ZnPc) on Au(111) and Ag(111) are investigated. We show that: (i) in comparison with experimental literature data, quantitatively accurate adsorption geometries can be obtained by applying the PBE+vdW^surf^ method; (ii) with these geometries at hand, we can then apply a standard GGA functional to calculate work-function changes in excellent agreement with experimental values determined by our ultraviolet photoelectron spectroscopy (UPS) experiments; (iii) comparing our GGA-DFT calculations with the UPS measurements in more detail, we find semi-quantitative agreement between the calculated Kohn-Sham eigenvalue spectrum and some of the features in the UPS spectrum, with the agreement (especially the order of the states) strongly improving upon applying a hybrid functional. Finding (ii) is in line with the fact that work-function changes can be directly calculated from the ground-state electron density of the interacting metal-organic system, which is usually quite well described by common density functionals. Also the observation that hybrid functionals provide an improved order of the calculated electronic states is consistent with observations for MePc molecules in the gas phase \[[@B24-molecules-19-02969],[@B45-molecules-19-02969],[@B46-molecules-19-02969]\]. The reason for that is that the incorrect order of the orbitals arises from different degrees of self-interaction associated with different degree of orbital localization, an effect that can be mitigated by admixing exact exchange in a hybrid functional \[[@B45-molecules-19-02969]\]. The observation that Kohn-Sham energies agree well with measured ionization energies also on an *absolute scale* is, however, somewhat surprising considering the many shortcomings of conventional DFT functionals in calculating ionization energies \[[@B47-molecules-19-02969]\]. These have, actually, been shown to be especially severe for metal-organic interfaces \[[@B48-molecules-19-02969],[@B49-molecules-19-02969]\]. Thus, we speculate that this observation is due to a fortuitous cancellation of errors in the simulations, as will be discussed in more detail below.

2. Results and Discussion
=========================

2.1. Adsorption Geometries and Binding Energy
---------------------------------------------

To simulate the metal-organic interfaces, we constructed p(6 × 5) Au(111) and Ag(111) unit cells, each containing one CuPc or ZnPc molecule as shown in [Figure 1](#molecules-19-02969-f001){ref-type="fig"}. The choice of the nearly quadratic cells is based on the reported close-packed and highly ordered structures of single-layer CuPc and ZnPc on noble metal surfaces typically obtained after annealing, which have been measured by scanning tunneling microscopy (STM) and low-energy electron diffraction (LEED) \[[@B50-molecules-19-02969],[@B51-molecules-19-02969],[@B52-molecules-19-02969]\]. While in Ref. \[[@B51-molecules-19-02969]\] only a point on line coincidence has been observed for CuPc on Ag(111), the overall situation can still be very well approximated by a ![](molecules-19-02969-i001.jpg) epitaxy matrix, which fulfills the commensurability requirement imposed by our computational approach and, thus, has been chosen for the calculations. This is also consistent with the above-mentioned STM investigations, where lattice vectors in the highest symmetric axes of the substrate with length between 14 Å and 15 Å have been observed. To start the calculations, the Pc molecules were initially chosen to be planar with a vertical distance of 3.4 Å to the top metal layer. The lobes of the MePcs were initially aligned 30° off the unit cell axes, which correspond to the \[1 2 1\] and \[−1 0 1\] directions in accordance with Ref. \[[@B50-molecules-19-02969],[@B51-molecules-19-02969],[@B52-molecules-19-02969],[@B53-molecules-19-02969]\]; the deviation of the optimized molecular orientation from the starting geometry was small (\<5°), resulting in (essentially equivalent) minimum H-H distances of 2.8 Å (2.9 Å) between nearest neighbor molecules on Ag(111) (and Au(111)), respectively.

![Schematic representation of the considered metal/MePc interfaces. The unit cell used in the simulations is indicated.](molecules-19-02969-g001){#molecules-19-02969-f001}

One of the key geometric parameters determining the interface properties is the molecule-substrate distances **d**, which helps identifying the bonding mechanism \[[@B33-molecules-19-02969],[@B54-molecules-19-02969]\]. The distances of the CuPc and ZnPc layers from the Au(111) and Ag(111) surfaces obtained from a full geometry optimization are listed in [Table 1](#molecules-19-02969-t001){ref-type="table"}. They are averaged over each atomic species and reported relative to the average position of the relaxed top metal layer (as this distance determines the metal-organic interaction) and also relative to the hypothetical unrelaxed top metal layer. The latter distance is the quantity actually determined in a normal-incidence X-ray standing wave (NIXSW) experiment. Adsorption distances of CuPc determined by NIXSW measurements from \[[@B51-molecules-19-02969]\] and \[[@B53-molecules-19-02969]\] are given for comparison. The agreement between the calculated and experimental distances is very good with deviations in the range of 0.1 to 0.2 Å. The calculations indicate that the CuPc molecule on Au(111) is essentially flat-lying, which is consistent with what has already been inferred from experiments \[[@B51-molecules-19-02969],[@B53-molecules-19-02969]\].
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###### 

Computed adsorption heights **d** (reported in Å) of the metal Pc molecules on Au(111) and Ag(111) surface. The experimental results taken from Ref. \[[@B51-molecules-19-02969],[@B53-molecules-19-02969]\] and obtained by normal incidence X-ray standing wave (NIXSW) experiments at 300K and full coverage are listed for comparison. The distances measured at \~140 K differ from those at 300 K by ≤0.04 Å for the Au (111) substrate and by ≤0.05 Å for the Ag(111) substrate. The values printed in black represent the distances to the average positions of the topmost metal layer (where in the experiments an outward relaxation of the top Au layer of 3% has been assumed \[[@B53-molecules-19-02969]\] based on X-ray data measured for clean Au(111) \[[@B55-molecules-19-02969]\]). ^§^ This is the key distance that determines the magnitude of the vdW interaction. Values in red (*italic*) refer to distances relative to a hypothetical unrelaxed top Au layer, as this is the quantity actually determined by NIXSW. The situation on Au(111) is, in fact complicated by the long-range surface reconstructions (whose explicit treatment is far beyond present computational capacities). They result in a "buckling" of the top metal layer, which already in \[[@B43-molecules-19-02969]\] has been argued to result in an increased deviation between calculated and measured adsorption distances. To the best of our knowledge, for the ZnPC/Au(111) and ZnPC/Ag(111) interfaces no experimental bonding distances are available.

           CuPc        ZnPC                                    
  -------- ----------- --------- ----------- -------- -------- ------
  Cu/Zn    3.15        3.25(7)   2.84                 2.89     2.73
  *3.13*   *3.32(7)*   *2.81*    *2.97(4)*   *2.88*   *2.70*   
  C        3.18        3.31(7)   2.95                 3.17     2.93
  *3.16*   *3.38(7)*   *2.91*    *3.08(3)*   *3.15*   *2.90*   
  N        3.22        3.26(7)   2.94                 3.17     2.94
  *3.20*   *3.33(7)*   *2.90*    *3.04(4)*   *3.16*   *2.90*   
  H        3.11                  2.95                 3.13     2.92
  *3.10*               *2.91*                *2.12*   *2.89*   

^§^ This is in contrast to the calculated inward relaxations of the top Au and Ag layers in the MePc/metal slabs (\~0.5% for Au and \~1.5% Ag). In this context it should, however, be mentioned that in the calculations also for the pristine metal surfaces no outward relaxation is observed. For Au(111) this could be a consequence of the inability to consider the long-range surface reconstructions in our calculations that would require prohibitively large unit cells.

For the CuPc/Ag(111) interface, in comparison to CuPc/Au(111) the calculated **d** values are consistently smaller by ca 0.3 Å, both in experiments and calculations. This decrease in the bonding distance occurs despite the increase in the vdW-radii by 0.06 Å when comparing Au (r~vdW~ = 1.66 Å) and Ag (r~vdW~ = 1.72 Å) \[[@B56-molecules-19-02969],[@B57-molecules-19-02969]\], which indicates a stronger bonding of CuPc to Ag(111) than to Au(111) \[[@B53-molecules-19-02969]\]. Furthermore, the CuPc is somewhat more distorted on the Ag(111) substrate, where the Cu atom is 0.11 Å closer to the substrate compared to the C-backbone.

For ZnPc on Au(111) and Ag(111) a behavior qualitatively similar to that of CuPc is observed (see the last two columns of [Table 1](#molecules-19-02969-t001){ref-type="table"}). The adsorption distances are essentially identical for the two molecules (CuPc and ZnPc) on both substrates. The only exception is the central metal atom that is closer to the substrate surface for ZnPc than for CuPc (by 0.26 Å on Au(111) and by 0.11 Å on Ag(111)); *i.e.*, ZnPc on Au(111) and Ag(111) displays a certain (albeit not particularly strong) deviation from planarity.

The interactions of the CuPc layer with Au(111) and Ag(111) surfaces are further analyzed by calculating binding-energy curves as a function of the vertical molecule-substrate distance. Here, the binding energy *E*~B~(*d*) is defined as the difference between the total energy of the combined CuPc/metal system and the sum of the total energies of the respective sub-systems (metal substrate + isolated CuPc monolayer), calculated with all geometric parameters apart from *d* fixed to the equilibrium values obtained in the optimization of the interacting system. In [Figure 2](#molecules-19-02969-f002){ref-type="fig"}, the results obtained using PBE+vdW^surf^ (green) and PBE (red) are shown. In the PBE calculations no bonding behavior between CuPc and the Au and Ag metal substrates is observed. Only when explicitly including long-range vdW interactions, a pronounced minimum in *E*~B~(*d*) is recovered. Interestingly, the total binding is relatively large amounting to 3--4 eV per molecule. This renders the designation of vdW attraction as weak somewhat problematic \[[@B44-molecules-19-02969]\]. Its rather substantial contribution to the bonding is primarily because the interacting systems are relatively large with a significant number of atoms (respectively, electrons) contributing to the attraction. Another observation is that the binding energy on Ag is larger by \~0.6 eV than on Au, which is consistent with the shorter bonding distance discussed above. The origin of these differences will become clear in the following section, where we will compare the interfacial charge rearrangements and frontier electronic states of the various systems.

![Binding energy E~B~ of CuPc adsorbed (**a**) on Au(111) and (**b**) on Ag(111) surfaces, as a function of the vertical distance, *d*. For determining *d*, the vertical positions of the carbon atoms in the CuPc molecules and the metal atoms in the relaxed top metal layer are averaged.](molecules-19-02969-g002){#molecules-19-02969-f002}

2.2. Electronic Structures of the Monolayer-Metal Systems {#sec2dot2-molecules-19-02969}
---------------------------------------------------------

With reliable adsorption geometries at hand, one can now use the calculations to shed light on the electronic properties of the interfaces. The first quantity to be discussed in this context is the adsorption-induced change of the work function, ∆Φ. The calculated and measured values for ∆Φ are summarized in [Table 2](#molecules-19-02969-t002){ref-type="table"}, where the latter have been determined from the secondary cutoff of our UPS spectra shown in [Figure 3](#molecules-19-02969-f003){ref-type="fig"}.
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###### 

Work-function changes induced by the adsorptions of monolayers of CuPc and ZnPc on the Au(111) and Ag(111) surfaces. The experimental data (∆Φ~UPS~) have been measured at room temperature and for CuPc on Au(111) also at 50 K (value designated by \*). The calculated values have been obtained using the PBE (∆Φ~PBE~) and HSE06 functionals (∆Φ~HSE~). The total work functions of the studied interfaces can be obtained from these values by adding the metal work-functions ^§^ that amount to 5.20 (5.16) eV for Au and 4.48 (4.41) eV for Ag, when calculated with PBE (HSE06).

  --------------------------------------------------------------
            CuPc         ZnPc                            
  --------- ------------ ------- ------- ------- ------- -------
  Au(111)   −0.69\       −0.69   −0.65   −0.66   −0.61   −0.58
            (−0.71 \*)                                   

  Ag(111)   −0.44        −0.44   −0.38   −0.43   −0.41   −0.38
  --------------------------------------------------------------

^§^ These values are obtained as the differences between the vacuum energy and the Fermi-level on the side of the slab not covered with an adsorbate. They deviate from those of isolated metal slabs by between (0.00 eV and 0.07 eV).

![UPS spectra of monolayer CuPc on (**a**) Au(111) and (**b**) Ag(111), and ZnPc on (**c**) Au(111) and (**d**) Ag(111). In each panel, the secondary cutoff spectra are displayed at the left side, while the valence region is shown at the right side. The black curves represent the clean substrate, and the red ones correspond to the monolayer Pc films after annealing at 250 °C (for details see [Section 3.2](#sec3dot2-molecules-19-02969){ref-type="sec"}).](molecules-19-02969-g003){#molecules-19-02969-f003}

Again, the obtained agreement between experiment and theory is excellent, both for the generalized gradient (PBE) \[[@B58-molecules-19-02969]\] and hybrid-functional (HSE06) \[[@B59-molecules-19-02969]\] calculations (for methodological details see [Section 3](#sec3-molecules-19-02969){ref-type="sec"}). The finding that there is no significant difference between a GGA and a hybrid functional in the calculated work-function changes is in line with a recent survey for molecular acceptors on Ag(111) \[[@B60-molecules-19-02969]\].

In all cases, we observe a reduction of the work function (Φ), which is not surprising considering the strong impact of Pauli pushback at all metal-organic interfaces \[[@B21-molecules-19-02969]\]. If Pauli pushback were the only process occurring at the metal/MePc interfaces, one might expect a more pronounced work-function reduction for Ag(111) than for Au(111), bearing in mind the reduced adsorption distance of CuPc on silver compared to gold (vide supra). Instead, ∆Φ is consistently smaller on Ag(111) than on Au(111) by \~0.2 eV (both in the simulations and the experiments, see [Table 2](#molecules-19-02969-t002){ref-type="table"}). As all adsorbate layers are close to planar, the shift in the electrostatic potential due to molecular dipoles within the hypothetical free-standing layers is \<0.07 eV for the CuPc and \<0.10 eV for ZnPc. *I.e.*, the impact of the distortion of the molecules (especially on Ag(111)) on the work-function modification is only minor. Therefore, the origin of the smaller work-function change on the Ag(111) surface has to be a system-specific charge transfer (CT) between the adsorbate and substrate that is superimposed on the Pauli pushback \[[@B61-molecules-19-02969],[@B62-molecules-19-02969],[@B63-molecules-19-02969],[@B64-molecules-19-02969],[@B65-molecules-19-02969],[@B66-molecules-19-02969]\].

To better understand its origin and nature, we calculated the adsorption-induced charge rearrangements for all interfaces. The results for CuPc on Au(111) and Ag(111) as obtained with the HSE06 functional are shown in [Figure 4](#molecules-19-02969-f004){ref-type="fig"}. These plots have been obtained by subtracting the separately calculated charge densities of the substrate and the adsorbate layer from that of the combined system (adopting the geometry optimized for the latter also for the sub-systems). To obtain a more quantitative picture, we also calculated the plane-integrated charge rearrangements, ∆ρ(z) (shown in [Figure 5](#molecules-19-02969-f005){ref-type="fig"}) and the cumulative charge rearrangements *Q*(*z*), obtained as ![](molecules-19-02969-i002.jpg) \[[@B32-molecules-19-02969],[@B64-molecules-19-02969],[@B67-molecules-19-02969]\]; the latter describes how much charge has been redistributed from the right to the left of a plane at position z.

For CuPc on Au(111) we see in [Figure 5](#molecules-19-02969-f005){ref-type="fig"}a a depletion of electron density in the region of the π-system of the CuPc layer and a pronounced charge accumulation right above the top metal layer. Concomitantly a net transfer of electrons from the adsorbate to the substrate region occurs, which at its maximum exceeds 0.4 electrons (as shown in [Figure 5](#molecules-19-02969-f005){ref-type="fig"}b). We attribute this response of the charge density to Pauli pushback in analogy to, e.g., the situation for PTCDA on Au(111), where similar plane-integrated charge rearrangements have been reported \[[@B32-molecules-19-02969],[@B33-molecules-19-02969],[@B44-molecules-19-02969]\]. This interpretation is further substantiated by the fact that the electron density depletion underneath the CuPc layer (where the charge density of the tailing electron cloud from the metal is still quite large) is significantly more pronounced than above the plane of the CuPc nuclei. The 3D representation of the charge rearrangements (see [Figure 4](#molecules-19-02969-f004){ref-type="fig"}a) reveals that the actual charge-redistribution pattern is considerably more complex than inferred from the plane-integrated quantities: while the electron density is definitely depleted in the region of the organic π-system, we also observe electron accumulation in the region of the σ-bonds (*i.e.*, there occur intimately related charge rearrangements between the substrates and adsorbate molecules and also within the MePc layer). Interestingly, electron-density accumulation in the vicinity of the top metal layers is observed primarily underneath the Cu atoms of the CuPc molecules and in the surface regions not covered by an organic adsorbate.

![3D-represantation of charge rearrangements occurring due to adsorption of CuPc on Au(111) (**a**) and Ag(111) (**b**) calculated using the HSE06 functional. Blue regions indicate electron depletion, while yellow regions indicate electron accumulation.](molecules-19-02969-g004){#molecules-19-02969-f004}

![Plane-integrated charge rearrangements ∆*ρ*(z) (top plots; (**a**) and (**c**)), and cumulative charge transfer *Q*(*z*) (bottom plots; (**b**) and (**d**)) for the adsorption of CuPc on Au(111) (left plots; (**a**) and (**b**)) and on Ag(111) (right plots (**c**) and (**d**)) calculated using the HSE06 functional. Positive (negative) values in ∆*ρ*(z) plots correspond to an accumulation (reduction) of electron density. *Q*(*z*) indicates, how many electrons per unit cell have been transferred from right to left of a plane at position z. −e, here denotes the negative elementary charge.](molecules-19-02969-g005){#molecules-19-02969-f005}

On Ag(111) the situation changes significantly: in the plane-integrated plots ([Figure 5](#molecules-19-02969-f005){ref-type="fig"}c,d) one sees that the electron-density depletion in the region of the MePc layer is decreased compared to the situation on Au(111). Additionally, there is electron accumulation somewhat further below the CuPc layer and depletion right above the top Ag layers; *i.e.*, there is an additional "oscillation" in the ∆ρ(z) plots between the metal and the CuPc layer that results in a local minimum of Q(z). The origin of these features can be explained considering the 3D charge rearrangements in [Figure 4](#molecules-19-02969-f004){ref-type="fig"}b, which on Ag(111) reveal a pronounced electron-density accumulation in the "inner" part of the π-system and underneath the Cu atom. This effect works against the adsorption-induced pushback of metal electrons, and is a strong indication for a charge transfer (CT) into π-orbitals localized on the inner rings of the CuPc molecule that occurs due to the molecule-substrate bonding (vide infra). The charge transfer to the monolayer is accompanied by a pronounced electron-density depletion right above the top metal layer in the region below CuPc. Interestingly, this electron transfer from Ag(111) to CuPc molecules due to their specific interaction does not significantly change the "internal" geometry of the adsorbate beyond the slight distortion discussed above. For example, the maximum modification of the bond lengths when comparing CuPc on Ag(111) and Au(111) (*i.e.*, with and without metal-molecule electron transfer) amounts to only 0.02 Å. Overall, the charge transfer is also too weak to fully compensate for Pauli pushback. This is in contrast to the adsorption of strong acceptors like F4TCNQ \[[@B68-molecules-19-02969]\], PTCDA \[[@B32-molecules-19-02969],[@B33-molecules-19-02969],[@B62-molecules-19-02969]\], and HATCN \[[@B69-molecules-19-02969]\] on Ag(111), where molecular adsorption triggers an increase of the work function. Nevertheless, the partial filling of these "inner" π-states at least mitigates the consequences of Pauli pushback for ∆Φ. While the data in [Figure 4](#molecules-19-02969-f004){ref-type="fig"} and [Figure 5](#molecules-19-02969-f005){ref-type="fig"} have been obtained for CuPc using the HSE06 functional, an equivalent behavior is observed when using PBE; for this functional the plane-integrated charge rearrangements for CuPc and ZnPc are contained in the Supporting Information, SI. There one also sees that the general trends discussed here for CuPc also prevail for ZnPc on Au(111) and Ag(111).

The stronger interaction between the MePcs and Ag(111) compared to Au(111), which is a consequence of the smaller work function of Ag \[[@B70-molecules-19-02969]\], is also evident from the valence-region UPS spectra shown in [Figure 3](#molecules-19-02969-f003){ref-type="fig"} and the calculated densities of states (DOS) for the interacting systems contained in [Figure 6](#molecules-19-02969-f006){ref-type="fig"}. In the experimental data, no molecular features close to E~F~ are visible for CuPc and ZnPc on Au(111). Also in the calculations the Fermi energy lies within the gap of the MePc monolayers. In contrast, for MePcs on Ag(111), new features appear close to E~F~ in the experimental spectra (see [Figure 3](#molecules-19-02969-f003){ref-type="fig"}); based on the results from our calculations shown in [Figure 6](#molecules-19-02969-f006){ref-type="fig"}, they can be associated with a partial filling of the (former) lowest unoccupied band. For CuPc these findings are consistent with the low-temperature experiments described in \[[@B51-molecules-19-02969]\].

The next feature seen at higher binding-energies in the experiment can be associated with the highest occupied molecular orbitals (HOMOs) of CuPc and ZnPc, respectively. The positions of the corresponding features are summarized in [Table 3](#molecules-19-02969-t003){ref-type="table"} (where the PBE feature for CuPc on Ag(111) at −0.75 eV is not included in this comparison, for a reason that will become clear from the following discussion).

![Computed density of state (DOS) for MePc/metal interfaces projected onto the adsorbate layer for (**a**) CuPc on Au(111), (**b**) CuPc on Ag(111), (**c**) ZnPc on Au(111), and (**d**) ZnPc on Ag(111) all calculated using the PBE and HSE06 functionals. For the CuPc/metal interfaces, spin-up (solid blue) and spin-down (dashed-red) spin densities are shown separately and the thin black lines correspond to the total density of states. As ZnPc has an even number of electrons, such a distinction is not necessary in (**c**) and (**d**). The vertical solid red lines indicate the position of the Fermi energy. The dashed lines denote the positions of the singly occupied orbitals in the PBE and HSE06 calculations with the arrows indicating the shift of these orbitals arising from the admixture of exact exchange. For CuPc on Au(111) the position of the occupied spin-alpha orbital around −2.3 eV is not clearly visible in the DOS plot; it can, however, be unambiguously determined from the difference of the spin-up and spin-down densities shown in the SI.](molecules-19-02969-g006){#molecules-19-02969-f006}

molecules-19-02969-t003_Table 3

###### 

Peak positions in the photoelectron spectra and the calculated densities of states associated with the band derived from the molecular HOMO of CuPc and ZnPc for the MePc metal interfaces relative to the Fermi energy. The two HOMO peaks for CuPc on Ag(111) refer to the spin-up and spin-down DOSs.

  -----------------------------------------------------------
            CuPc    ZnPc                              
  --------- ------- ------- --------- ------- ------- -------
  Au(111)   −0.81   −0.78   −0.91     −0.78   −0.74   −0.91

  Ag(111)   −1.23   −1.28   −1.41/\   −1.20   −1.26   −1.54
                            −1.67                     
  -----------------------------------------------------------

Comparing the PBE and HSE06 DOSs with the UPS data in [Table 3](#molecules-19-02969-t003){ref-type="table"}, we find that the HOMO energies calculated from both methods are in relatively good agreement with the experiment. In fact, the energy values predicted by PBE are even slightly closer to the energy determined by UPS than the ones calculated with the HSE06 functional. This overall good quantitative agreement between the calculations (especially when using the PBE functional) and experiments is at first glance surprising, bearing in mind that a comparison between approximate DFT eigenvalues and experimentally measured ionization energies is complicated by several effects \[[@B47-molecules-19-02969]\]. These include the failure of common GGA and hybrid functionals to correctly describe the −1/r asymptotic decay of the potential \[[@B47-molecules-19-02969],[@B71-molecules-19-02969]\] for a finite system and the lack of derivative discontinuity in the exchange-correlation potential that typically results in a severe underestimation of the energy gap between the molecular HOMO and lowest unoccupied molecular orbital (LUMO) \[[@B47-molecules-19-02969]\]. Such effects usually result in calculated adsorbate-related electronic features (especially HOMO-derived bands) that are too close to the Fermi-energy, where the latter is essentially dictated by the metal substrate. An effect not accounted for in our simulations, which for metal-organic systems results in an error of the HOMO energy in the opposite direction \[[@B49-molecules-19-02969],[@B72-molecules-19-02969]\], is the absence of non-local correlation in the exchange-correlation potential. This deficiency does not allow capturing the impact of screening due to the metallic electrons on ionization energies associated with the adsorbate layer. The observation that for the HOMO-derived state of CuPc and ZnPc on Au(111) and Ag(111) the calculated energetic positions of the HOMO-derived peaks reasonably well match the experimental ionization energies despite the choice of approximate functionals suggests that in the present case the effects of these errors on the HOMO energy essentially cancel. This interpretation is supported by the observation that for upright-standing anthracene-selenolate self-assembled monolayers (SAMs) (where a direct comparison between theory and experiments was possible due to the well-characterized structural properties of the investigated monolayers) a strong mismatch between the measured UPS spectrum and the calculated density of states was obtained \[[@B73-molecules-19-02969]\] and the calculated peaks in the DOS were much closer to the Fermi energy than the measured ionization energies. In the spirit of the "cancellation of errors" argument proposed above, this can be seen as a consequence of the increased average distance between the relevant electronic states in the SAM and the metallic substrate, which reduces the screening. This results in an increase of the experimental ionization energies, and, thus, renders the calculated eigenstates too close to E~F~ yielding a poor agreement between calculations and experiments \[[@B73-molecules-19-02969]\].

In this context it is worth mentioning that this "cancellation of errors" argument is not directly related to the good agreement of calculated and measured work-function changes discussed earlier: ∆Φ, here, is the consequence of ground-state charge-rearrangements, which usually are not (or at least to a much lesser extent) affected by the commonly encountered shortcomings of approximate DFT functionals. Bearing that in mind, it is not surprising that also for the above-mentioned anthraceneselenolate SAMs, despite the shifted energetic positions of the Kohn-Sham eigenstates, the measured and calculated work-function changes agreed within the experimental error \[[@B73-molecules-19-02969]\].

A further complication encountered when using a GGA functional such as PBE is that significant problems can be encountered in correctly describing the order of differently localized orbitals. This is because these orbitals experience different amounts of spurious self-interaction \[[@B45-molecules-19-02969],[@B46-molecules-19-02969],[@B47-molecules-19-02969],[@B74-molecules-19-02969],[@B75-molecules-19-02969]\]. This orbital self-interaction error (SIE) is particularly severe for MePcs, where rather localized metal-centered orbitals and orbitals delocalized on the ligand lie close in energy \[[@B45-molecules-19-02969],[@B46-molecules-19-02969]\]. Consequently, the above-described fortuitous cancellation of errors is no longer expected for states that are more strongly localized at the metal-center as a consequence of their significantly increased SIE \[[@B47-molecules-19-02969]\]. As shown by Marom *et al.* \[[@B24-molecules-19-02969],[@B45-molecules-19-02969]\], in CuPc the "problematic" metal-centered orbital splits into an occupied α-spin and an unoccupied β-spin state due to the odd number of electrons in the molecule. Consequently, it can be easily identified in the calculated spin-polarized DOS in [Figure 6](#molecules-19-02969-f006){ref-type="fig"}. Similar to CuPc in the gas phase \[[@B45-molecules-19-02969]\], for CuPc on Au(111) the singly occupied orbital erroneously overlaps with the HOMO-derived feature; thus, the discrepancy between theory and our non-spin-sensitive experiments for that system is not apparent at first glance, also because on the Au-substrate high binding-energy features can no longer be resolved in the measurements due to the overlap with the Au d-states. For CuPc on Ag(111) the discrepancy between theory and experiment is, however, well visible: using PBE, the peak in the DOS associated with the Cu-centered orbital is calculated to be at −0.68 eV, where there is no intensity visible in the measured UPS spectrum (*cf.* [Figure 3](#molecules-19-02969-f003){ref-type="fig"}b *vs.* [Figure 6](#molecules-19-02969-f006){ref-type="fig"}b).

To obtain a qualitatively improved description of the electronic states in the valence region of CuPc \[[@B45-molecules-19-02969]\], we, thus, performed HSE06 (*i.e.*, hybrid functional \[[@B59-molecules-19-02969]\]) calculations for CuPc/Au(111) and CuPc/Ag(111) in spite of the considerably increased computational costs (*cf.*, methodology section). Although it has been shown that hybrid functionals do not automatically provide the correct level alignment at metal-organic interfaces \[[@B72-molecules-19-02969]\], they are known to significantly improve the relative ordering and alignment of the states. This is especially the case when a significantly different SIE of the involved orbitals distorts the calculated spectrum, as hybrid functionals partially mitigate the SIE \[[@B47-molecules-19-02969]\]. This issue has previously been discussed for cases relevant in the present context: e.g., the isolated CuPc molecule \[[@B45-molecules-19-02969]\] and also for a metal-organic interface, namely, thiolate-bonded self-assembled monolayers with close-lying σ- and π-states bonded to the Au(111) surface \[[@B75-molecules-19-02969]\]. The calculated DOSs obtained with HSE06 for CuPc/Au(111) and CuPc/Ag(111) are compared to the PBE-calculated ones in [Figure 6](#molecules-19-02969-f006){ref-type="fig"}. The situation can be best explained for the CuPc containing systems, where the affected states can be easily identified from their spin-polarized nature: As expected \[[@B45-molecules-19-02969]\], the occupied (α-spin) state localized around the metal is strongly stabilized and shifted from −0.93 eV (−0.71 eV) for CuPc on Au(111) (Ag(111)) when using PBE to −2.31 eV (−2.89 eV) in the HSE06 calculations (see arrows in [Figure 6](#molecules-19-02969-f006){ref-type="fig"}a,b). This is in excellent agreement with the energy at which this state is found in the isolated molecule, both in UPS experiments and highly-accurate calculations for isolated CuPc molecules \[[@B24-molecules-19-02969],[@B45-molecules-19-02969],[@B76-molecules-19-02969]\]. Concomitantly, the unoccupied β-spin state is destabilized and shifted from 0.21 eV (0.11 eV) to 1.25 eV (1.24 eV). In this context, it is interesting that the shifts of occupied and unoccupied states are reasonably symmetric on Au(111), while on Ag(111) the stabilization of the occupied states is much stronger than the destabilization of the unoccupied ones. In the PBE calculations for ZnPc on Au(111) (Ag(111)) we find two peaks in the range between −0.5 eV and −1.5 eV (−1.0 eV and −2.0 eV), while in the HSE06 calculations only one peak prevails. The reason for that is a shift of the "PBE-peaks" at −1.39 eV on Au(111) and −1.80 eV on Ag(111) to significantly higher binding energies in the HSE06 calculations. This can be explained by these peaks corresponding to metal-centered states (*cf.*, associated plots of the local densities of states in the SI) that are again much more strongly affected by the use of a hybrid functional.

An experimental feature that is not well resolved in the HSE06 calculations are the two lower-intensity peaks seen for CuPc on Ag(111) at −1.74 eV and −2.16 eV. While these peaks are also clearly resolved in the low-temperature UPS spectra for CuPc on Ag(111) by Kröger *et al.* \[[@B51-molecules-19-02969]\], there are no clear maxima so close to the HOMO observed in gas-phase UPS spectra and high-level molecular calculations \[[@B45-molecules-19-02969],[@B76-molecules-19-02969]\]. Also for thick CuPc films, only the peak \~1 eV below the HOMO prevails, albeit at very low intensity \[[@B51-molecules-19-02969]\]. Moreover, for CuPc on Au(111) no additional peaks in the UPS spectrum are observed between the HOMO-derived peak and the onset of photoemission from the Au d-band (*cf.*, [Figure 3](#molecules-19-02969-f003){ref-type="fig"}a). This indicates that (as argued already by Kröger *et al.*) especially the feature at −1.74 eV is closely related to the strong interaction between CuPc and Ag(111). The strong splitting between the spin-up and spin-down channels in the HSE06 calculations (that occurs only on Ag(111) and can, thus, be associated with the partial filling of the spin-up LUMO band (vide infra)) could indeed be associated with the appearance of that feature.

![Isodensity plot of the local density of states of the CuPc molecule on Ag(111), calculated for an energy window with a width of 0.3 eV directly below the Fermi energy.](molecules-19-02969-g007){#molecules-19-02969-f007}

Regarding the partially occupied band close to E~F~ observed for CuPc on Ag(111) we note in passing that at low temperatures a very sharp feature directly below EF has been observed and discussed in the context of a generalized Kondo scenario \[[@B77-molecules-19-02969]\]. While such many-body effects are not properly accounted for in standard DFT calculations as performed here, there are, nevertheless, two observations in our simulations associated with the partially filled band close to E~F~ that are worth mentioning: (i) In the HSE06 calculations, the electron-transfer from the substrate to the molecule fills only one of the spin-channels. As a consequence, the magnetic moment per molecule increases from 1 µ~B~ per unit cell for an isolated CuPc monolayer to 1.96 µ~B~ when adsorbing CuPc onto Ag(111) (where the actual value is influenced by the chosen broadening of the DOS -- see SI); *i.e.*, due to the CT, the degree of spin-polarization in the adsorbate layer increases. (ii) To determine the spatial region to which electron-density is transferred when filling that state, we calculated the local density of states for an energy window between −0.3 eV and E~F~. The result is plotted in [Figure 7](#molecules-19-02969-f007){ref-type="fig"}. One clearly sees that electrons are transferred to the inner region of the CuPc molecule (*i.e.*, to the pyrrole part of the isoindole-fragment) consistent with the interpretation of the charge-rearrangements for CuPc on Ag(111) given above. The electron-density directly at the Cu atom is, however, hardly affected by the partial filling of that band.

3. Experimental and Computational Section {#sec3-molecules-19-02969}
=========================================

3.1. DFT Calculations and System Setup
--------------------------------------

The geometric and electronic structures of the MePc/metal interfaces were calculated using the Vienna *ab Initio* Simulation Package (VASP) code \[[@B78-molecules-19-02969]\], where periodic boundary conditions and the repeated slab approach were employed to properly describe the metallic nature of the substrate and to fully account for collective electrostatic effects \[[@B79-molecules-19-02969],[@B80-molecules-19-02969],[@B81-molecules-19-02969],[@B82-molecules-19-02969]\]. The general layout of the employed unit cell is described already in [Section 2.2](#sec2dot2-molecules-19-02969){ref-type="sec"}. The metallic substrates were represented by three layers, each containing 30 atoms. To test the impact of the number of metal layers in the slab on the final geometries, CuPc was studied also on 5-layer Au(111) and Ag(111) substrates. The resulting variations in the adsorption distances compared to those obtained using 3-layer metal slabs were below 1% and also the PBE-calculated work-function modifications were equivalent (*i.e.*, they were consistently only 0.03 eV smaller for the five than for the three-layer slabs both for CuPc on Au(111) and on Ag(111)). Periodic replicas of the slab were separated by vacuum gaps of \~20 Å and a self-consistently determined potential discontinuity was introduced in the vacuum region to correct for the dipole moment of the slab \[[@B83-molecules-19-02969]\]. Core-valence interactions were treated by the projected augmented wave formalism using soft potentials (details see SI) \[[@B84-molecules-19-02969],[@B85-molecules-19-02969]\]. The plane-wave cutoff energy was set to 295.446 eV for CuPc and to 279.692 eV for ZnPc containing systems, and we used a Monkhorst-Pack \[[@B86-molecules-19-02969]\] (2 × 2 × 1) *k*-point mesh and a first order Methfessel-Paxton occupation scheme \[[@B87-molecules-19-02969]\] (setting the with, σ, to 0.2 eV in this way "extrinsically" broadening the calculated DOS). The electronic structure of the metal-organic interfaces is in a first step calculated using the GGA functional suggested by Perdew, Burke and Enzerhof (PBE) \[[@B58-molecules-19-02969]\].

Our strategy for obtaining the geometric structure of the interfaces, namely applying the PBE+vdW^surf^ approach, \[[@B43-molecules-19-02969]\] represents a non-self-consistent correction to the total energy and does not directly modify the PBE-calculated charge density and electronic structure. It builds on the Tkatchenko-Scheffler vdW scheme \[[@B38-molecules-19-02969]\] with C~6~, R and α coefficients for the metal atoms modified to account for screening within the metal employing the Lifshitz-Zaremba-Kohn (LZK) theory \[[@B88-molecules-19-02969],[@B89-molecules-19-02969]\]. The values are taken from \[[@B43-molecules-19-02969]\] and listed in the SI. To perform these calculations \[[@B90-molecules-19-02969]\], we used a modified version of VASP 5.3.3, in which the vdW-interaction between specific classes of atoms (in our case Au-Au and Ag-Ag) can be turned off. This allows the use of PBE-optimized lattice constants (4.18 Å for Au and 4.15 Å for Ag, respectively) without causing spurious relaxation effects of the top layers. The optimizations were then performed applying the GADGET tool \[[@B91-molecules-19-02969]\], which uses internal coordinates and an enhanced version of the direct inversion of the iterative subspace (DIIS) method to optimize atomic positions \[[@B92-molecules-19-02969],[@B93-molecules-19-02969]\], resulting in a faster geometry optimization compared to VASP \[[@B91-molecules-19-02969]\].

In analogy to the strategy recommended in \[[@B45-molecules-19-02969],[@B94-molecules-19-02969]\], we also performed single point total energy calculations using a hybrid functional (the Heyd, Scuseria Enzerhof functional HSE06) \[[@B59-molecules-19-02969]\] on the basis of our PBE+vdW^surf^ geometries. In fact, it has been shown recently for a set of different molecules adsorbed on Ag(111) that hybrid functionals yield a notable improvement of the density of states when compared to UPS experiments \[[@B60-molecules-19-02969]\], although full quantitative agreement cannot be expected \[[@B72-molecules-19-02969]\]. The use of hybrid functionals complicated the numerical convergence in our calculations, which was especially cumbersome in case of the HSE06 calculations of CuPc/Ag(111), as there the net magnetization of the unit cell deviates from µ = µ~B~ due to the spin-polarized charge-transfer between the metal and the molecule (vide supra). To ensure that consistent results are reported, it was, therefore, necessary to perform extensive test calculations with different electronic smearing-schemes and starting densities (see SI). We note that performing the whole geometry optimization of MePc/metal systems employing a hybrid functional in combination with periodic boundary conditions would have been prohibitively expensive (in sharp contrast, e.g., to the situation for molecular systems employing open boundary conditions) \[[@B95-molecules-19-02969]\]. 3D representations of the calculated systems including charge densities were generated using XCrysden \[[@B96-molecules-19-02969]\].

3.2. UPS Measurements {#sec3dot2-molecules-19-02969}
---------------------

The UPS measurements were performed at Chiba University using a ultrahigh sensitivity UPS system \[[@B97-molecules-19-02969],[@B98-molecules-19-02969],[@B99-molecules-19-02969]\] with monochromatic He Iα radiation (photon energy = 21.218 eV). The total instrumental energy resolution of the measurements was set to 30 meV, and the acceptance angle is ±18°. To measure the secondary electron cutoff of the spectrum, the sample was biased at −5.0 V at normal emssion. We here show the valence-region UPS spectra recorded at a takeoff angle of 45°, as then the HOMO features are more prominent than when measured at normal emission. The sample was grounded during the measurements at 45° emission for correct angular dependence of HOMO band. The energy difference between the vacuum level (VL) and the Fermi level energy (E~F~) corresponds to the WF (Φ) of the sample.

As substrates, Au(111) and Ag(111) single crystals were cleaned by repeated cycles of Ar^+^ ion bombardment and subsequently annealing at 723 K, and the cleanliness was inspected via XPS. The CuPc and ZnPc molecular sources (Sigma-Aldrich, Tokyo, Japan) were purified by a double sublimation purification procedure and degassed in the sample preparation chamber at elevated temperatures before deposition. The substrate was kept at 295 K (room temperature) during deposition, and the evaporation rate of the Pc molecules is ～0.1 monolayer (ML) (*i.e.*, \~0.3 Å) per minute. The deposition rate and film thickness were monitored by a precalibrated quartz thickness monitor. The single-layer films were annealed at 250 °C for 1 h for better ordering. All samples were held at room temperature (RT) during measurements. All the experiments were carried out at UHV conditions (10^−8^ Pa).

4. Conclusions
==============

We have studied the adsorption of CuPc and ZnPc on Au(111) and Ag(111) surfaces by means of state of the art quantum-mechanical simulations as well as by photoelectron spectroscopy. Overall, we observe an excellent correlation between the results of the calculations and the experiments presented here, as well as with literature data. This agreement is found for both, the interfacial geometry and the electronic structure. Both molecules bind to the surface primarily through van der Waals interactions that amount to a binding energy of \>3 eV per molecule in all systems. The bonding is \~0.6 eV stronger to the Ag(111) surface than to Au(111), which is a consequence of a charge-transfer from the Ag substrate to the adsorbate layer resulting in a partial, spin-polarized filling of the molecular LUMO-derived MePc bands. This is manifested in a shorter adsorption distance and a reduced adsorption-induced work-function decrease on Ag (111) compared to Au(111). The above-mentioned charge-transfer is observed in the photoelectron spectra and the calculated density of states on Ag(111). When calculating the latter, to obtain a proper ordering of the states in the monolayer, the use of hybrid functionals is absolutely crucial. Interestingly, this does not appear necessary to obtain correct adsorption geometries and work-function changes \[[@B100-molecules-19-02969]\].
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